The prefrontal cortex (PFC) is proposed to be the source of top-down signals that can modulate extrastriate visual processing in accordance with behavioral goals, yet little direct causal evidence for this hypothesis exists. Using theta burst transcranial magnetic stimulation, we disrupted PFC function in human participants before performing a working memory task during fMRI scanning. PFC disruption decreased the tuning of extrastriate cortex responses, coinciding with decrements in working memory performance. We also found that activity in the homologous PFC region in the nonstimulated hemisphere predicted performance following disruption. Specifically, those participants with greater homologous PFC activity and greater connectivity between this region and extrastriate cortex were the most resistant to PFC disruption. These findings provide evidence for a compensatory mechanism following insults to the brain, and insight into the dynamic nature of top-down signals originating from the PFC.
Introduction
Working memory refers to the temporary retention of information that was just experienced but no longer exists in the external environment, or was just retrieved from long-term memory (Baddeley, 1986; . Because of the capacity constraints of working memory (Cowan, 2005) , task-relevant information must be effectively encoded for further maintenance by filtering out competing task-irrelevant information (Vogel et al. 2005) . Numerous single-unit recording studies in nonhuman primates (Fuster and Alexander, 1971; Miller et al., 1996) and fMRI studies in humans (Curtis and D'Esposito, 2003) have demonstrated that the prefrontal cortex (PFC) and extrastriate cortex exhibit persistent activity during visual working memory delay tasks (Fuster and Jervey, 1982; Miyashita and Chang, 1988; Miller et al., 1993; Postle et al., 2003; Ranganath et al., 2004) . Similarly, there is abundant evidence that neural activity is enhanced in those extrastriate cortical regions that encode relevant stimuli (Fuster, 1990; Duncan et al., 1997; Kanwisher and Wojciulik, 2000) and suppressed in regions that represent irrelevant stimuli (Kastner et al., 1998; Gazzaley et al., 2005) . Based on this work, it is postulated that the PFC provides top-down signals to extrastriate cortex that selectively enhance the processing and active maintenance of goal-relevant sensory information (Knight et al., 1999; Miller and D'Esposito, 2005) .
Although there are numerous studies that suggest the PFC interacts with extrastriate cortex to subserve working memory, the vast majority offer only indirect evidence in support of this claim. Studies examining correlated neural activity between disparate brain regions cannot provide causal evidence that the PFC influences posterior brain regions. However, several studies with experimentally induced lesions in monkeys have provided direct causal evidence for functional interactions between the PFC and extrastriate cortex (Fuster et al., 1985; Tomita et al., 1999; Monosov et al., 2011) . In humans, event-related potential (ERP) recordings in patients with PFC lesions have shown that an intact PFC is needed for effective sensory processing in posterior visual areas during working memory tasks (Chao and Knight, 1998; Barceló et al., 2000) .
Previously, attempts have been made to better characterize the nature of top-down signals that influence extrastriate cortex by using transcranial magnetic stimulation (TMS) to perturb frontal cortex function in healthy humans while simultaneously or subsequently recording activity in extrastriate cortex using both EEG (Taylor et al., 2007; Morishima et al., 2008; Zanto et al., 2011) and fMRI (Ruff et al., 2006; Miller et al., 2011; Higo et al., 2011) . While these studies demonstrated that disruption of PFC activity can modulate the magnitude of activity in posterior visual areas, only Miller et al. (2011) demonstrated that PFC disruption also modulates the selectivity of neural representations coding visual categories. However, in that study, the relationship between behavioral performance and modulation of neural selectivity could not be demonstrated. In monkeys, studies that stimulated or inactivated cortical activity using either electrical current or pharmacological manipulations demonstrated that the frontal eye fields (FEFs) alter neural tuning in the extrastriate region V4 (Moore and Armstrong, 2003; Monosov et al., 2011) . However, top-down effects on higher-level representations, such as stimulus categories, have yet to be demonstrated. Thus, the aim of the current study was to determine the causal role of a more rostral area of PFC (e.g., critical for the working memory) in biasing category representations stored in extrastriate cortex. We accomplished this by administering TMS in healthy humans to disrupt PFC function before fMRI scanning during performance of a working memory task. If PFC is the source of top-down modulation, disruption of this region should alter the gain and the tuning of task-relevant representations within extrastriate cortex and lead to impaired performance on the task.
Materials and Methods
Participants. Twelve right-handed subjects (five males, seven females; age range, 18 -29) participated in the experiment. All participants gave their written informed consent before the study and received monetary compensation for their participation.
Experimental timeline. Each participant underwent three separate fMRI acquisition sessions while performing a cognitive task. The first session was used to obtain a T1-weighted anatomical MRI scan and to acquire data to define regions of interest (ROIs) for use in subsequent analyses. This first session was used to train participants on the task. Before the second and third sessions (counterbalanced across participants), TMS was applied either over a left inferior frontal gyrus (LIFG) region that was functionally defined from each participant's initial scan, or a control brain region (somatosensory cortex). After each TMS session, participants were taken directly to the MR room and into the scanner. On average there was a 9 min delay from the end of TMS and the acquisition of the first functional image.
Task design. While being scanned during each of the three sessions, participants performed five runs of a modified N-back task each consisting of four blocks of 20 trials for each behavioral condition (Fig. 1) . In this task, images of faces and scenes were sequentially presented, and participants were instructed to selectively attend to and maintain images from the relevant category while ignoring those from the irrelevant category, or to attend and maintain both categories. At the beginning of each condition block, participants were given an instructional prompt to inform them which category of stimuli was to be remembered and which were to be ignored: (1) ATTEND FACES (attend to faces and ignore scenes), (2) ATTEND SCENES (attend to scenes and ignore faces), (3) ATTEND BOTH (respond to both faces and scenes), (4) CATEGORIZE (indicate whether the current image is a face or a scene, with no attempt to remember them). On each trial, participants were presented with an image of either a face or a natural scene and had to indicate by button press whether or not the current image matched the image last seen that was of the same category. If an image was of the unattended category, participants had to simply press the "nonmatch" button. An identical number of faces and scenes were presented in each block and the number of "distractor" images from the unattended category between successive images of the attended category ranged between 0 and 3. Images were presented on the screen at fixation for 500 ms with a varying intertrial interval of 1.5-4.5 s.
Transcranial magnetic stimulation. For all experiments, participants were seated in a comfortable chair. Electromyography was recorded using electrodes from the right first dorsal interosseous (FDI) muscle of the dominant hand in all participants. TMS was applied using a handheld figure-eight coil with an outer winding diameter of 70 mm (Magstim). All pulses were delivered using a Magstim rapid stimulator connected to four booster modules that produce biphasic pulses. Stimulation was delivered over primary motor cortex approximately over an area representing the hand with the coil placed tangentially to the scalp with the handle pointing posteriorly. The motor hand area was defined as the location on the scalp where magnetic stimulation produced the largest motorevoked potential (MEP) from the contralateral FDI when the participant was relaxed. The stimulation intensity was defined in relation to the Participants were prompted at the beginning of a block which stimulus categories to remember (FACES, SCENES, BOTH) or identify (CATEGORIZE). In the FACES, SCENES, BOTH conditions, on each trial, participants manually responded whether or not the image currently on the screen was a repeat of the last image of the relevant stimulus category. Each image had to be maintained across all intertrial intervals (1.5-4.5s) and intervening distracter images (up to 3). In this illustration of the task, a box surrounding a stimulus indicates that it is from the category that must be remembered; these boxes were not presented to the participant. In the CATEGORIZE condition, participants simply responded whether the current image was a face or a scene.
active motor threshold (AMT) of the participant. The AMT was defined as the minimum intensity of single-pulse stimulation required to produce an MEP on Ͼ5 of 10 trials from the contralateral FDI while the participant was maintaining a voluntary contraction of ϳ20% of maximum in the FDI. Raw EMG signal on the screen was provided as visual feedback to the participant to help maintain a constant muscle contraction of the correct force. The stimulation targets were localized using Brainsight, a computerized frameless stereotaxy system (Rogue Research). This system uses an infrared camera to monitor the positions of reflective markers attached to the participant's head. Head locations are related in real time to the participant's previously acquired structural MRI data after the data are coregistered to a set of anatomical locations. Reflective markers are attached to the coil and the participant, so that relative positions of the coil to the head (and the MRI) can be tracked, allowing precise positioning of the coil with respect to previously chosen MRI locations.
Many repetitive TMS studies have used 1 Hz stimulation to cause transient reductions in cortical excitability that outlast the period of stimulation. However, the reported effects at this stimulation rate are short lasting (usually 15 min or less) and often weak and highly variable (Gangitano et al., 2002) . In contrast, continuous theta burst TMS is a more recent approach developed to address this shortcoming (Huang et al., 2005) . Continuous theta burst TMS parameters used in the current study were identical to those described by Huang et al. (2005) . Theta burst TMS consists of 50 Hz trains of three TMS pulses repeated every 200 ms continuously over a period of 40 s (600 pulses total) and has been shown to depress activity in the stimulated region for up to 60 min following stimulation. This longer duration of altered excitability is ideally suited for studying the effects of TMS with fMRI given that many imaging studies require repeated acquisition runs lasting Ͼ30 min.
Stimulation sites. The LIFG was chosen for TMS because it was determined to be a likely source of top-down modulation of early visual areas based on functional connectivity analyses we performed on data collected during performance of the cognitive task used in the current study (our unpublished data). While many studies have opted to use the vertex of the skull as a control region for TMS, it often falls between cerebral hemispheres and is only likely to mimic the sensation of stimulation and not actually stimulate brain tissue. Thus, to control for changes due to nonspecific stimulation of brain tissue as well as the scalp sensation of stimulation, the control region used in this study was the left postcentral gyrus (PCG). This site was not activated by our task in any participant.
Functional MRI acquisition and preprocessing. MR data were acquired with a Siemens 3 Tesla scanner with a 12-channel head coil. Functional data were obtained using a one-shot T 2 *-weighted echoplanar imaging sequence sensitive to blood oxygenation level-dependent (BOLD) contrast (TR, 1000 ms; TE, 32 ms; field of view, 230 mm; matrix size, 64 ϫ 64; in-plane resolution, 3.5 ϫ 3.5 mm). Each functional volume contained 18 contiguous 3-mm-thick axial slices separated by a 0.5 mm interslice gap. Whole-brain MP Flash T 1 -weighted scans were acquired for anatomical localization. Functional data were realigned to the first volume acquired and spatially smoothed with a 4 mm full-width at halfmaximum Gaussian kernel.
Behavioral analysis. Mean response times (RTs) and accuracy rates were computed for each participant for all behavioral conditions (AT-TEND FACES, ATTEND SCENES, ATTEND BOTH, and CATEGO-RIZE). The effect of TMS on the task was evaluated by a repeatedmeasures ANOVA on the RTs and accuracy, with the stimulation site (control and LIFG) and the behavioral condition as within-subject factors. Two-tailed t tests were used to compare results between the two stimulation sites where appropriate.
Univariate fMRI analysis. Task-dependent changes in the BOLD signal were modeled with independent regressors for each behavioral condition (ATTEND FACES, ATTEND SCENES, ATTEND BOTH, and CATEGORIZE) and each stimulus type (face or scene). These regressors were made by convolving a gamma function with a vector containing the onset times for each trial type. Trials with incorrect behavioral responses were modeled separately and excluded so that the resulting analyses considered only trials in which participants made a correct response. Statistical contrasts assessing the main effect of attention (gain effect) for each condition were computed as weighted sums of the estimated ␤ coefficients (ATTEND FACES, attended face stimuli vs ignored face stimuli; ATTEND SCENES, attended scene stimuli vs ignored scene stimuli; ATTEND BOTH, all attended face and scene stimuli vs all CATEGORIZE stimuli). Each run was mean centered and detrended for linear and polynomial trends using linear least squares. Maps of the parameter estimates (␤ values) were computed from the GLM from each session and normalized on a subject-by-subject basis to each individual's anatomical scan. Mean parameter estimates for each regressor were also calculated within each functionally defined ROI for each subject. Two-tailed, paired sample t tests were used to test for the significance of differences across groups and across task contrasts for each ROI.
ROIs. LIFG, fusiform face area (FFA), and parahippocampal place area (PPA) ROIs were functionally defined using different contrasts from data from each participant's first fMRI session. LIFG ROIs were defined on the basis of an attentional gain effect. We selected the most statistically significant cluster of activity in the LIFG using a contrast of all attended images versus all ignored images, regardless of stimulus type across all behavioral conditions (Fig. 2) . Bilateral FFA ROIs were created by selecting the cluster of activity in the fusiform gyrus of each hemisphere that exhibited the strongest preference to face versus scene stimuli across all behavioral conditions, as assessed by a t test. Similarly, bilateral PPA ROIs were created by selecting the cluster of voxels in the parahippocampal/lingual gyrus that exhibited the strongest preference to scene versus face stimuli across all behavioral conditions. Right inferior frontal gyrus (RIFG) ROIs were created by taking the mirror flip of each participants functionally defined LIFG ROI. Left PCG ROIs were anatomically defined with reference to the Duvernoy (1999) brain atlas. Each participant's left PCG was identified on the anatomical scan, and ROIs were drawn as spheres with a radius of 5 mm centered 10 mm away from the midline and 5 mm from the top edge of the brain.
Functional connectivity analysis. Functional connectivity maps were created on a subject-by-subject basis using a ␤ series connectivity analysis described previously by Rissman et al. (2004) . This approach allows us to determine correlations on a trial-by-trial basis between brain regions as opposed to blocks of trials. This analysis produces a whole-brain map of Pearson's r values for each subject that were subsequently transformed using Fisher's r-to-z transformation.
Category selectivity analysis (spatial correlations). Previous work has shown that while extrastriate cortex seems to have distinct modules that appear to process certain categories of visual stimuli preferentially (e.g., faces and scenes), there is evidence that the representation of this information is actually quite widely distributed and overlapping (Haxby et al. 2001; Op de Beeck et al. 2008) . To determine the distinctiveness of scene and face representations in extrastriate cortex, we used a spatial correlation analysis. In this analysis, the similarity of patterns of neural activity evoked by the task after TMS to the two different stimulation sites was assessed. Calculating the correlation between spatial patterns of activity evoked by the task under the different TMS conditions offers another method for evaluating the change in neural activity as a result of frontal stimulation since spatial correlations are relatively insensitive to differences in the magnitude of evoked activity that might occur between the two stimulation conditions.
In this analysis, large functional ROIs comprised of the union of all scene-selective and face-selective voxels across the entire temporal and occipital lobe during each participant's initial scan were defined as each participant's left and right extrastriate cortex. These ROIs were subdivided into a set of new ROIs comprising the most task-active voxels (top 30, 40, 50, 60, 70, 80, 90, 100, 110 , and 120 voxels) as defined by a contrast of attended images versus ignored images. For each stimulation condition (IFG or control), the ␤ value for the corresponding covariate was obtained for each voxel within each ROI. These values were translated into a linear vector for each separate ROI for each condition (Aguirre, 2007) . Correlations (Kendall's ) of the evoked activity between the two stimulus categories (face and scene) within each task were calculated. These correlations are the spatial correlations of the pattern of activity evoked by faces versus scenes. For each participant, the difference in the correlation value between IFG stimulation and control stimulation was calculated and used as an index of the change in category selectivity due to frontal stimulation.
The significance of the observed difference in correlations was assessed by creating a simulated distribution of correlation values via bootstrapping by randomizing the values within each subset of voxels before calculating each correlation. Shuffling was done 10,000 times per subject for each stimulation condition. A difference score was calculated for each bootstrapping iteration, and this resulted in a Gaussian distribution of difference values. Difference values more extreme than 95% of the distribution were taken to be significant.
Brain-behavior correlation analysis. Brain-behavior correlation plots were created by plotting the mean t value of a contrast of interest or z value (from the connectivity analysis) from a given ROI for each participant as a function of his mean RT or accuracy for the given contrast of interest. Correlations between brain activity and behavior were explored with Spearman's coefficient r.
Results

Behavioral analyses
A repeated-measures ANOVA on accuracy and RTs with TMS site (IFG, control), condition (ATTEND FACES, ATTEND SCENES, ATTEND BOTH, CATEGORIZE), and stimulus type (faces, scenes) as within-subject factors was performed. This revealed a main effect of condition ( accuracy, F (3,33) 0.05; RT, F (3,33) ϭ 42.23, p Ͻ 0.001). Participants had the slowest RT and worst accuracy during the BOTH condition, followed by the FACES and SCENES conditions, then the CATEGORIZE condition ( Fig. 3 ; linear contrasts, accuracy, F (1,11) ϭ 10.764, p Ͻ 0.01; RT, F (1,11) ϭ 48.94, p Ͻ 0.001). The TMS site by condition interaction was also significant (accuracy, F (3,33) ϭ 2.92, p Ͻ 0.05). As predicted, performance suffered after LIFG stimulation when compared to control stimulation, but not in all conditions equally ( Fig. 3 ; linear contrast, accuracy, F (1,11) ϭ 6.647, p Ͻ 0.03). Accuracy was significantly worse after LIFG TMS only during the BOTH (t (11) ϭ 2.41, p Ͻ 0.05) and FACES conditions (t (11) ϭ 2.35, p Ͻ 0.05). Finally, accuracy in responding "nonmatch" to irrelevant stimuli (faces in the SCENES condition and scenes in the FACES condition) was similar across the TMS conditions (LIFG TMS, 98.3%; control TMS, 98.7%; t (11) ϭ 0.68, p ϭ 0.52) suggesting that participants were able to keep track of the task rule following PFC stimulation.
Univariate fMRI analyses
Consistent with our previous work (Gazzaley et al., 2005) , all participants showed significantly enhanced FFA activity when face images were attended (i.e., relevant) versus when they were ignored (i.e., irrelevant), and significantly enhanced PPA activity when scene images were attended versus ignored (Fig. 4) . The magnitude of this gain effect during trials in which stimuli were relevant versus irrelevant can be considered an index of topdown modulation. Thus, we examined the effect of LIFG TMS on this metric, defined as the t value calculated from the statistical contrast of the BOLD response to attended versus unattended stimuli within the FFA (for face stimuli) and PPA (for scene stimuli). Subsequently, we will refer to this metric as the "gain effect." In the two behavioral conditions in which LIFG TMS, compared to control TMS, caused worse performance (ATTEND FACES condition and ATTEND BOTH condition), the gain effect within the FFA was reduced after LIFG TMS. The gain effect in PPA during the ATTEND SCENES condition was not reduced following LIFG TMS. None of these effects, however, were significant at the group level, likely due to significant variability across subjects. This individual variability in the BOLD data prompted us to determine whether it could be accounted for by individual differences in the effect of TMS on behavioral performance.
Brain-behavior correlation results
To further explore the relationship between TMS effects on brain activity and behavioral performance, the gain effect in each frontal and extrastriate ROI (i. Figure 5 . Correlation plots of IFG activity versus task accuracy during the FACES condition. Following TMS to the control region, LIFG activity, but not RIFG activity, correlated with accuracy. Following TMS to LIFG, the opposite pattern was observed-LIFG activity no longer correlated with accuracy, whereas RIFG activity and accuracy became correlated.
performance was affected by TMS (i.e., ATTEND FACES and ATTEND BOTH conditions) was correlated with participants' behavior. Following TMS to the control region, the LIFG was the only ROI that exhibited a significant relationship between the gain effect during the FACES condition (␤ value for attended faces vs ignored faces) and behavior (RT and accuracy). Specifically, there was a significant positive correlation between task performance and the magnitude of the gain effect in LIFG in response to attended face stimuli; that is, the most accurate participants exhibited the greatest gain effect in LIFG (r s ϭ 0.79, p Ͻ 0.01; Fig. 5 ). Consistent with our prediction that the LIFG is the source of top-down signals modulating the gain of extrastriate cortical activity, this brain-behavior relationship during the FACES condition was not significant after LIFG TMS (r s ϭ 0.27, p ϭ 0.40). There were no significant correlations between behavior and the gain effect in any region during the BOTH or SCENES condition.
To explore possible compensatory mechanisms supported by the nonstimulated hemisphere, we also examined the relationship between behavior and the gain effect in the RIFG. While there was no relationship between the RIFG gain effect and performance in the FACES condition after control stimulation (r s ϭ 0.25, p ϭ 0.43), the RIFG gain effect was positively correlated with accuracy following LIFG stimulation (r s ϭ 0.73, p Ͻ 0.01; Fig. 5 ). To further investigate the contribution of RIFG function to successful performance following LIFG TMS, we assessed the relationship between functional connectivity between RIFG and right FFA and the TMSinduced change in accuracy during the FACES condition. A change in accuracy was calculated as the difference between performance after control TMS and that after PFC TMS (LIFG, control TMS). Functional connectivity between the RIFG and the right FFA after control stimulation successfully predicted this change in accuracy following LIFG TMS (r s ϭ 0.545, p Ͻ 0.07; Fig. 6a ). Furthermore, a median split of the participants based on the change in performance between LIFG TMS and control TMS showed that poorer performers had significantly less connectivity between RIFG and right FFA after control TMS (t (6) ϭ 2.594, p Ͻ 0.05; Fig. 6b ). These findings suggest that preserved behavioral performance following LIFG disruption depends on the ability of the nonstimulated right hemisphere to compensate for altered LIFG function.
Spatial correlation results
The results presented above suggest that PFC can modulate the gain of extrastriate cortical activity; however, we also sought evidence that PFC can modulate the tuning of extrastriate cortex representations. If true, LIFG TMS should lead to decreased category selectivity, which would manifest as higher spatial correlations between stimulus-evoked activity within extrastriate cortex in response to attended images of one category (face or scene) and ignored images of the other category.
As predicted, LIFG TMS, compared to control TMS, significantly increased the spatial correlation between the patterns of extrastriate cortex activity evoked by attended faces and ignored scenes in the FACES condition ( p Ͻ 0.05 via permutation testing). These increases were observed in both left and right extrastriate cortex regardless of how many voxels were included in the analysis (within a range of 30 -120 voxels; Fig. 7a ). In contrast, our measure of within-category spatial correlations (patterns of activity evoked by attended faces vs activity evoked by ignored faces) was not affected by LIFG stimulation ( p Ͼ 0.1 via permutation testing; Fig. 7b ).
To assess how this change in selectivity to face and scene stimuli following LIFG TMS affected working memory performance, we plotted the change in accuracy in the FACES condition for each participant who exhibited a decrement in performance following LIFG TMS against their change in spatial correlation. Indices of the TMS-induced change in accuracy and spatial correlation were calculated as the difference between LIFG and control TMS. As predicted, the greater the increase in spatial correlation between extrastriate cortical activity evoked by faces and scenes as a result of LIFG TMS, the greater the decrement in accuracy participants exhibited. Again, when averaged across hemispheres this relationship was significant across a range of ROI sizes (70 -120 voxels, r s ϭ Ϫ0.72-0.89, p Ͻ 0.05; Fig. 8 ). Moreover, it was also significant when the stimulated hemisphere was examined alone (within a range of 30 -70 voxels, r s ϭ Ϫ0.71-0.86, p Ͻ 0.05) and approached significance in the nonstimulated hemisphere.
Discussion
To assess the causal influence of the PFC on top-down modulation of posterior visual processing regions, we used continuous theta burst TMS to disrupt function in the LIFG during a working memory task. Our results show that after stimulation, LIFG function was altered such that activity in this region was no longer predictive of performance on a working memory task. We also show that this frontal disruption leads to a change in the selectivity of extrastriate cortical activity, and that this change corresponds with a decrement in behavioral performance. Our data also suggest that those participants who are best able to maintain a high level of performance after LIFG stimulation recruit the homologous RIFG as a possible compensation for disrupted function in the stimulated hemisphere. Additionally, the participants who had greater connectivity between the RIFG and the right FFA before PFC TMS were the most resistant to disruption, that is, they exhibited the least decrement in behavioral performance. While studies using functional connectivity analyses to examine network interactions during top-down modulation are informative (Miller and D'Esposito, 2005) , this method is correlational and does not provide strong evidence for causal interactions. Previously, two separate human studies have shown that the FEFs play a causal role in attentional processing by combining TMS with EEG (Taylor et al., 2007; Morishima et al., 2008) . Both studies found that perturbing function in the FEFs leads to decreased task-evoked activity at posterior electrode sites. In monkeys, Moore and Armstrong (2003) observed that electrical stimulation of FEFs produces enhancement of the visual response of V4 neurons to target stimuli. After infusion of a dopaminergic agonist into FEFs, both the magnitude and orientation selectivity of V4 responses was reduced. Ekstrom et al. (2009) found that electrical stimulation of FEFs in monkeys during simultaneous fMRI scanning produced an amplification of extrastriate cortical activity at low-stimulus contrast but sharpened responses at high-stimulus contrast levels. Finally, Monosov et al. (2011) observed, after deactivation of FEF function in monkeys with muscimol, reduced object-selective responses in inferotemporal cortex and impaired performance on a visual search task.
A previous study in humans using combined TMS and EEG during performance of a working memory task found that top-down signals similar to those found in FEFs originate from a more rostral frontal region, the inferior frontal junction (IFJ). Gain changes in activity in electrodes recording activity in early visual areas were found after IFJ disruption (Zanto et al., 2011) . In our previous work (Miller et al., 2011) and the present study, by combining TMS with fMRI, we replicated and extended these findings by demonstrating that top-down signals originating from PFC (e.g., anterior to the FEFs) act via both gain and tuning mechanisms. Moreover, the better spatial resolution of fMRI allowed us to determine that the PFC in a homologous region in the nonstimulated hemisphere can provide compensatory top-down signals following PFC disruption in the opposite hemisphere. Previously, another study used TMS to disrupt PFC function before the performance of a selective attention task performed during fMRI (Higo et al., 2011) . PFC TMS diminished top-down modulation of extrastriate cortical activity, but did not impact the bottom-up activation of these same regions. However, these TMS-induced activity changes were not associated with changes in behavioral performance. In contrast, our results demonstrate that the magnitude of gain and selectivity changes in extrastriate cortex following PFC disruption is predictive of subsequent behavioral performance on a working memory task.
In addition to providing evidence that top-down signals from PFC can modulate the gain of activity in early visual areas, we also sought to determine whether top down signals could modulate neural tuning. To investigate tuning, we measured the selectivity of BOLD responses in early visual areas to different categories of visual stimuli (i.e., faces vs scenes). Previous work in nonhuman primates has shown that neurons in inferotemporal cortex respond preferentially to specific colors during a delayed match-tosample task, and that disrupting PFC function can lead to decrements in behavior by abolishing the color-dependent differences in firing rate among neurons in inferotemporal cortex such that these neurons no longer exhibited their previous color preference and responded to different colored stimuli similarly (Fuster et al., 1985) . In another fMRI study (Miller et al., 2011) , we demonstrated that disrupting PFC function can reduce the selectivity of responses to face and scene stimuli in extrastriate cortex, but this change in tuning could not be linked to behavioral performance. The current study replicates this finding, but we also demonstrate for the first time in humans that altered neural selectivity disrupts behavioral performance on a working memory task.
Studies of patients with brain lesions have shown that working memory function is left relatively unimpaired following unilateral PFC damage (D'Esposito and Postle, 1999) . Previous work suggested that increased activity in the intact hemisphere in these patients may serve as a compensatory response for the loss of function in damaged tissue (Corbetta et al., 2005; Nudo, 2007; Voytek et al., 2010) . Consistent with these findings, we found that only after TMS to the left IFG, activity within the homologous right IFG predicted successful performance on the working memory task. A previous study of patients with diffuse axonal injury due to brain trauma reported a similar finding (Turner et al., 2011) . In that study, control participants activated a left-lateralized PFC network that correlated with working memory function, whereas homologous right PFC activity did not. However, in patients with diffuse axonal injury, right PFC activity did correlate with working memory function. The researchers attributed this pattern of findings to "unmasking of extant, but behaviorally latent" brain networks supporting working memory function rather functional reorganization per se (i.e., recruitment of brain networks not engaged by controls on the task). We believe that a similar mechanism also explains our findings.
Other patient studies have suggested that there are transcallosal interactions between homologous regions in the two hemispheres, which are likely inhibitory, and that unilateral damage (or TMS disruption) can cause increased excitation of the undamaged hemisphere (Sprague, 1966; Kapur, 1996; Shimizu et al., 2002; Kobayashi et al., 2004) . Thus, studies of patients with focal lesions that demonstrated that TMS disruption of the contralesional hemisphere ameliorates behavioral deficits may act by releasing the perilesional tissue from transcallosal inhibition (Oliveri et al., 1999; Mansur et al., 2005; Naeser et al., 2011) . In our study, we propose that TMS disruption of left IFG function may have led to increased activity in the homologous right IFG, leading to a release of a dormant (latent) network that could support working memory function. However, the time scale of the effects we observed is significantly different from that of the effects observed in patients with chronic lesions either from stroke or traumatic brain injury. Previous studies using electrophysiological recordings in nonhuman primates demonstrated that PFC neurons are highly adaptable and can code for newly learned stimulus categories (Freedman et al., 2001) , learn new stimulus-response associations over a matter of trials (Asaad et al., 1998) , and even represent two different types of information over different delay periods of a single trial of a working memory task (Rao et al., 1997) . The compensatory effects we observed immediately after left IFG disruption are consistent with these prior findings and provide further support that PFC function can adapt on a relatively short time scale in response to behavioral demands.
